Based on its substrate specificity, activation-induced cytidine deaminase can directly induce C:G mutations in Ig genes. However the origin of A:T mutations, which occur in a similar proportion in germinal center (GC) B cells, is unclear. Genetic evidence suggests that the induction of A:T mutations requires the components of the mismatch repair system and DNA polymerase (POLH). We found that fibroblasts and GC B cells expressed similar levels of the mismatch repair components, but nonetheless the fibroblasts failed to generate a significant proportion of A:T mutations in a GFP reporter gene even after POLH overexpression. To investigate whether the ability to generate A:T mutations is dependent on the cellular environment (i.e., GC B cell or fibroblast) or the target gene (i.e., Ig or GFP), we developed a mutation detection system in a human GC-like cell line. We introduced a GFP gene with a premature stop codon into Ramos cells and compared the activation-induced cytidine deaminaseinduced mutations in the endogenous V H and the transgenic GFP genes. Remarkably, a high proportion of A:T mutations was induced in both genes. Ectopic expression of POLH did not further increase the proportion of A:T mutations but diminished the strand bias of these mutations that is normally observed in V H genes. Intriguingly, the total mutation frequency in the GFP gene was consistently one-fifth of that in the V H gene. These results demonstrate that the ability to generate A:T mutations is dependent on the GC B cell environment but independent of the mutation frequency and target gene location.
T he Ig genes in germinal center (GC)
2 B cells undergo a high frequency of point mutations at both C:G and A:T base pairs. This somatic hypermutation (SHM) process is essential for the diversification of Ig genes, resulting in the production of high affinity Abs (1) . SHM is initiated by the activationinduced cytidine deaminase (AID) (2) , which catalyzes the deamination of cytosine to uracil and generates a U:G DNA lesion (3) . Mutations are thought to be introduced during the replication and error-prone processing of the AID-triggered U:G lesions (4 -6) . According to the model proposed by Di Noia and Neuberger (1) , direct replication of the U:G mismatch could result in C to T and G to A transitional mutations because the structure of U is similar to that of thymine, which normally pairs with adenine. In addition, uracil can be excised by the uracil DNA glycosylase, which initiates base excision repair, and the replication of the resulting abasic site would generate both transitions and transversions at C:G pairs.
Although C:G mutations can be generated by replication of the AID-triggered U:G lesion or its repair intermediate, the abasic site, it remains largely unknown how the same U:G lesion leads to mutations at nondamaged A:T pairs in GC B cells. Genetic and biochemical evidence suggests that components of the mismatch repair (MMR) system, including MutS homolog (MSH) 2, MSH6, exonuclease (EXO) 1, and proliferating cell nuclear Ag (PCNA), as well as DNA polymerase (POLH), are required for the induction of A:T mutations (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . It has been proposed that the AID-triggered U:G lesion is recognized by the MSH2/6 heterodimer, followed by EXO-1-mediated strand degradation that generates a gap in the damaged DNA strand. Nonspecific mutations are then thought to be introduced during the gap-filling reaction catalyzed by POLH, a low fidelity DNA polymerase that frequently incorporates the incorrect nucleotide opposite a template A or T.
In contrast to GC B cells, in which AID-triggered U:G lesions in Ig genes lead to mutations at C:G and A:T pairs at roughly the same frequency, in fibroblasts the mutations in a GFP reporter gene induced by ectopic AID expression are predominantly C:G mutations (17) . To explore why GC B cells but not fibroblasts are able to generate a high proportion of A:T mutations, we have compared the expression levels of the MMR components and POLH between GC B cells and fibroblasts and analyzed whether ectopic POLH expression might lead to increased A:T mutations in fibroblasts. In addition, we have established an efficient mutagenesis system in the human GC-like cell line Ramos and compared the mutation frequency and patterns in the endogenous, rearranged Ig V H gene and a GFP reporter gene. Our results suggest that the MMR components and POLH are not sufficient for the induction of A:T mutations in fibroblasts and that additional GC-specific mechanisms are required. Furthermore, we demonstrate that the ability
AID-mediated mutagenesis system in NIH3T3 fibroblasts
The AID-mediated mutagenesis system in NIH3T3 has been described previously (17) . We used NIH3T3-pI clone 19, which contained one copy of the GFP reporter gene with a premature stop codon under the control of the tetracycline (Tet)-responsive promoter. Upon transduction with a mouse AID-expressing retrovirus, the premature stop codon can be reverted to allow translation of GFP. Mutations can be analyzed in sorted GFP ϩ revertants. To investigate the role of POLH in the induction of A:T mutations, we constructed a pMX-AID-IRES-POLH retroviral vector (where IRES is internal ribosome entry site), which allowed simultaneous expression of mouse AID and mouse POLH. NIH3T3-pI clone 19 was transduced with retrovirus expressing AID or AID-IRES-POLH and the GFP ϩ revertants were sorted 10 days later. The GFP gene was amplified using KODplus polymerase (Toyobo) under conditions described previously (17) . Mutations were detected by DNA sequencing. The mutations that had reverted the premature stop codon (TAG) were not included in the analysis because they represented selected mutations that were, by definition, enriched in the GFP ϩ revertants.
Establishment of an AID-mediated mutagenesis system in Ramos human B cells
To mimic the NIH3T3 cell mutagenesis system, we established a Ramos subline containing a Tet-controlled GFP gene with the same premature stop codon as that used in the NIH3T3-pI clone 19 cells by using a Tet-off gene expression system (Takara Bio). Briefly, Ramos cells were first transfected with a pTet-Off vector by electroporation and G418-resistant clones were isolated. Sixty-eight stable clones were analyzed by transient transfection of pTRE2hyg-Luc along with an internal control pTK-Luc vector followed by luciferase assays, and one clone (no. 52) that exhibited low background and high Tet-dependent induction was used in these studies. This clone was further transfected by electroporation or Nucleofector (Amaxa Biosystems) with a pTRE-Tight vector expressing a GFP gene with a premature stop codon along with a linearized hygromycin selection vector. After selection, we eventually established one stable line from each transfection (Ramos/TAG and Ramos/TAG/Amaxa) in which GFP gene transcription could be rapidly induced by removing Tet (supplemental figure 1). 3 The Ramos/TAG line had a lower background GFP expression than did Ramos/TAG/Amaxa and was primarily used in the present study. Quantitative genomic PCR revealed that the Ramos/TAG cells harbored two integrated copies of the GFP gene (data not shown).
Mutation analysis in Ramos/TAG cells was performed in the same way as in NIH3T3-pI clone 19 cells. Briefly, cells were transduced with retroviruses expressing AID or AID-IRES-POLH in the absence of Tet and the GFP ϩ revertants were sorted 10 days later. The GFP gene was amplified using CMVPF (5Ј-TAGCCTCCATAGAAGACACCG-3Ј) forward and HygGFP (5Ј-GCGAAAAAGAAAGAACAATC-3Ј) reverse primers at 94°C for 2 min followed by 30 cycles of amplification at 94°C for 30 s, 57°C for 30 s, and 68°C for 1 min using KOD-plus polymerase. Mutations that reverted the premature stop codon (TAG) were not included in the analysis. The endogenous Ig V H gene was amplified using RV H FOR forward and JOL48 reverse primers as described (20) at 95°C for 2 min followed by 30 cycles of amplification at 95°C for 15 s, 58°C for 15 s, and 68°C for 1 min using KOD-plus polymerase. In addition, we also transduced Ramos/TAG cells with retrovirus expressing AID-IRES-GFP and sorted the GFP ϩ (i.e., virus-transduced) cells 2 days later. These GFP ϩ cells, which expressed GFP protein derived from the retrovirus, were cultured for an additional 8 days (a total of 10 days of culture) and analyzed for mutations in the endogenous V H and the GFP reporter genes. Note that the CMVPF and HygGFP primers were designed to amplify only the GFP reporter gene but not the GFP gene in the retrovirus, because the CMVPF primer could only anneal with the CMV promoter located upstream of the GFP reporter gene.
Results

Expression of the known mediators of A:T mutations in GC B and fibroblasts
To understand why AID-triggered U:G lesions result in a high proportion of A:T mutations in GC B cells but not fibroblasts, we first compared the expression of the known mediators of A:T mutations in Ig genes, including Msh2, Msh6, Exo-1, Pcna, and Polh. Semiquantitative RT-PCR analysis revealed that the Msh2, Msh6, and Exo-1 transcripts were similar between the GC B and NIH3T3-pI clone 19 cells (Fig. 1) . The Pcna transcripts were increased ϳ3-fold in GC B as compared with NIH3T3 cells, consistent with the fact that GC B cells undergo rapid cell division and PCNA is up-regulated in the S phase of the cell cycle. The Polh transcript level was increased ϳ3-fold in GC B as compared with NIH3T3 cells (Fig. 1) , in agreement with a previous observation 3 The online version of this article contains supplemental material. RT-PCR for the indicated genes was performed as described in Materials and Methods. The ␤-actin gene was used as a cDNA loading control. The amplification was conducted for 30 cycles except for ␤-actin, which was amplified for 25 cycles.
that Polh expression was elevated in GC B cells relative to resting B cells (21) . These results suggest that the inability of NIH3T3 to generate A:T mutations is unlikely due to the lack of ubiquitously expressed MMR components but could be due to limited POLH expression.
Elevated POLH expression was not sufficient to induce A:T mutations in fibroblasts
To determine whether A:T mutations could be increased in fibroblasts by elevating Polh expression, we used an efficient AIDmediated mutagenesis system in NIH3T3 cells (17) . Transduction of the AID retrovirus resulted in AID protein expression as detected by immunoblot analysis ( Fig. 2A) , and 0.47% of the cells reverted the stop codon to express GFP protein (Fig. 2C ) on day 10 after virus transduction. The efficiency of virus transduction was ϳ80% as monitored by using a retrovirus expressing AID-IRES-GFP (supplemental figure 2A) . Sequence analyses of the GFP genes in the sorted GFP ϩ revertants revealed a predominance of C:G mutations (Fig. 2D) , a result consistent with previous observations (17) . Transduction of retroviruses expressing POLH (Fig.  2C ) or a mutant AID lacking the cytidine deamination motif (supplemental figure 2B) did not induce GFP ϩ cells, indicating that POLH alone cannot induce mutations and that mutation requires catalytically active AID. To examine the role of POLH in the generation of A:T mutations, we transduced fibroblasts with a retrovirus expressing AID-IRES-POLH, which allowed simultaneous expression of AID and POLH from the same mRNA. Immunoblot ( Fig. 2A ) and semiquantitative RT-PCR (Fig. 2B ) analyses confirmed the expression of both AID and POLH, and 0.28% of the cells reverted to express GFP (Fig. 2C ). Sequence analyses of the sorted GFP ϩ cells revealed that, again, mutations occurred predominantly at C:G with no significant increase in A:T mutations (Fig. 2E) . Notably, the transcript levels of Aicda and Polh in NIH3T3 transduced with AID-IRES-POLH were ϳ10-fold greater than in the GC B cells (Fig. 2B) , indicating that both genes were expressed at sufficiently high levels. The total mutation frequency was 0.466 and 0.365% in NIH3T3 transduced with AID and AID-IRES-POLH, respectively (Table I ). These results demonstrate that elevated expression of POLH is not sufficient to induce A:T mutations in a GFP reporter gene in fibroblasts.
Establishment of an efficient mutagenesis system in the GC-like Ramos B cells
One possible explanation for the inability of fibroblasts to generate A:T mutations in a GFP reporter gene is that the V H but not the GFP gene may have a particular chromatin structure that allows for the induction of A:T mutations. To determine whether the generation of A:T mutations is dependent on the target gene (i.e., Ig or V H ) or on the GC B cell environment, we established a similar AID-mediated mutagenesis system in the GC-like human B cell line, Ramos. We introduced a Tet-controlled GFP gene with the same premature stop codon as that used in the NIH3T3 system into Ramos (Ramos/TAG). Because Ramos has been shown to undergo a low level of spontaneous mutation in the Ig genes, we first analyzed 24 sequences from Ramos/TAG cells that were mock transduced and then cultured for 10 days. We found that 8 of 24 sequences contained a C to T transition at position 66 when compared with the published Ramos V H sequence (20) . However, Table I for mutation frequencies. sequence analysis of Ramos/TAG before virus transduction revealed the same C to T mutation in 11 of 24 sequences, indicating that this C to T mutation already existed in the Ramos/TAG line, probably having arisen during the establishment of the stable line. These results indicate that the Ramos/TAG line established in the present study had a relatively low spontaneous mutation frequency. This mutagenesis system allowed us to compare AIDinduced mutations in the GFP genes between Ramos and NIH3T3 cells. In addition, this assay system allowed us to directly compare the mutation frequency and patterns in the endogenous Ig V H gene and the GFP reporter gene in Ramos.
Transduction of AID or AID-IRES-POLH induced a high proportion of A:T mutations both in the V H and the GFP reporter gene in Ramos
Ramos/TAG cells were mock transduced or transduced with retroviruses expressing AID or AID-IRES-POLH. Semiquantitative RT-PCR analyses using a primer set that annealed with both human AICDA and mouse Aicda genes revealed a low level expression of the endogenous AICDA (Fig. 3A) . Transduction of the AID and AID-IRES-POLH retroviruses resulted in ϳ9-and 4-fold increases in the Aicda transcript levels, respectively (Fig. 3A) . Taking into consideration that the transduction efficiency was ϳ17% (supplemental figure 2C), the Aicda transcript levels among the virus transduced cells were actually much higher, ϳ50-and ϳ20-fold that of the endogenous AICDA levels, respectively. Repeated attempts to detect AID protein expression in Ramos cells transduced with retroviruses expressing AID or AID-IRES-POLH have been unsuccessful. Using Gapdh and GAPDH as controls and taking into consideration the efficiency of virus transduction, the transcript levels of retrovirus-derived Aicda in NIH3T3 were estimated to be ϳ2-fold greater than those in Ramos (Figs. 2B and 3A). It is notable that Ramos transduced with AID consistently expressed higher levels of Aicda transcripts than those transduced with AID-IRES-POLH (Fig. 3A and data not shown). It appeared that the presence of the 2.1-kb mouse Polh cDNA in the retroviral vector decreased the efficiency of retrovirus-mediated gene expression. Because Ramos already expressed high levels of the endogenous POLH, the level of the virus-derived mouse Polh transcripts was only ϳ50% that of POLH after correcting for the virus transduction efficiency (Fig. 3A) . Transduction of Ramos with the AID retrovirus induced 0.24% GFP ϩ revertants on day 10 ( Fig. 3B, middle panel) . These GFP ϩ cells were sorted and analyzed for mutations in the endogenous V H and the GFP genes. A high proportion of A:T mutations was observed both in the V H (36.9%, Fig. 3C , upper panel) and the GFP (28.4%, Fig. 3C, lower panel) genes. Although the proportion of A:T mutations in the GFP gene was lower than that observed in the Ig genes of GC B cells in vivo (ϳ50%) (18) , it was significantly higher than that seen in NIH3T3 cells ( p Ͻ 0.001; 2 test). As was the case for Ig gene SHM, the RGYW/WRCY motifs were preferentially targeted both in the endogenous V H gene (supplemental figure 3 ) and the GFP gene (supplemental figure 4) . Moreover, the base substitution patterns in the GFP and V H genes were quite similar (Fig. 3C) , suggesting that both genes were mutated by a similar mechanism.
Transduction of the AID-IRES-POLH retrovirus induced 0.17% GFP ϩ cells (Fig. 3B, right panel) . Similarly, a high proportion of A:T mutations was observed in both the V H and the GFP genes in the GFP ϩ revertants. The proportion of A:T mutations in the V H gene was 36.7% (Fig. 3D, upper panel) , which was similar to that observed in Ramos transduced with AID alone (Fig. 3C, upper  panel) . The proportion of A:T mutations in the GFP reporter gene was 38.2% (Fig. 3D, lower panel) , which appeared higher than that observed in Ramos transduced with AID alone (Fig. 3C, lower  panel) , but the difference did not reach statistical significance ( p Ͼ 0.1; 2 test). These results demonstrate that GC-like Ramos B cells are able to generate A:T mutations in the GFP reporter gene as efficiently as in the V H gene and that ectopic POLH expression did not further increase the proportion of A:T mutations. Collectively, these findings suggest that the ability to generate A:T mutations is an intrinsic property of the GC-like Ramos B cells and is independent on the target gene.
Ectopic POLH expression diminished the strand bias of A:T mutations in the V H gene
A ϳ2-fold increase of mutations at A relative to T has been observed in Ig genes when recorded from the upper (nontranscribed) strand (22) , suggesting that there is a strand bias in generating A:T mutations. Analysis of AID-mediated mutations confirmed the ϳ2-fold increase of mutations at A vs T in both the V H and the GFP genes (Fig. 3C) . Intriguingly, whereas the overall proportion of A:T mutations in the V H gene in Ramos was not further increased by ectopic POLH expression, the strand bias at A:T disappeared (Fig. 3D, upper panel) . A:T mutations are known to occur frequently at the WA hotspot on the upper strand (W is A or T and the mutated position is underlined). The same WA motif on the lower strand, corresponding to the TW motif on the upper strand, is less frequently mutated (23) . To further confirm the effect of ectopic POLH expression on eliminating the strand bias of A:T mutations, we compared the number of mutations that occurred at WA vs TW motifs. There were 20 WA and nine TW motifs mutated in the V H gene in AID-transduced Ramos (Table II and supplemental figure 3) , confirming that the WA motif on the upper strand was more frequently mutated than that on the lower strand. In contrast, there were 16 WA and 20 TW motifs mutated in the V H gene in Ramos transduced with AID-IRES-POLH. The WA/TW ratio was 2.2 and 0.8 in Ramos transduced with AID and AID-IRES-POLH, respectively, a statistically significantly difference ( p Ͻ 0.05; 2 test). Therefore, the WA motifs on both the upper and lower strands were similarly mutated in Ramos expressing ectopic POLH. Curiously, ectopic expression of POLH did not affect the strand bias of A:T mutations in the GFP gene (Fig. 3D,  lower panel, and supplemental figure 4) .
Comparison of the mutation frequency in the V H and GFP genes in the GFP ϩ revertants of Ramos transduced with retroviruses expressing AID or AID-IRES-POLH
Analysis of the V H gene in the GFP
ϩ revertants of AID-transduced Ramos cells revealed that 86 of 159 (54.1%) sequences were mutated and on average there were 2.3 mutations per each 341-bp V H sequence (Table III) . The mutation frequency reached 0.673%, which is comparable to that observed in the J H 4 intronic region of Ig genes in GC B cells on day 14 after immunization with a Tdependent Ag (18) . The total mutation frequency, taking into consideration the percentage of the mutated clones (54.1%), was 0.364%. Analysis of the GFP gene in the GFP ϩ revertants of AIDtransduced Ramos revealed that 207 of 224 (92.4%) sequences were mutated. Of the mutated sequences, 87 (38.8%) had acquired additional mutations other than those reverting the premature stop codon (Table III) . The mutation frequency in the GFP gene was 0.192%, which was lower than that in the V H gene. When taking into consideration the percentage of sequences with additional mutations (38.8%), the total mutation frequency in the GFP gene was 0.075%, approximately one-fifth of that observed in the V H gene.
Ramos transduced with AID-IRES-POLH expressed lower levels of Aicda transcripts as compared with Ramos transduced with AID (Fig. 3A) . Consistently, a lower percentage of the V H sequences (110 of 301; 36.5%) were mutated, and the total mutation frequency was reduced to 0.21% (Table III) . Therefore, the mutation frequency appeared to depend on the AID expression level, consistent with earlier observations (24) . Intriguingly, mutation in the GFP reporter gene also decreased proportionally. As a result, the total mutation frequency in the GFP gene (0.042%) was again one-fifth of that in the V H gene (0.21%). These findings demonstrate that the Ig V H gene is more efficiently mutated than the GFP reporter gene and that the relative mutation frequency in the V H and GFP genes remains constant regardless of the AID expression levels.
Mutation analysis in Ramos transduced with AID-IRES-GFP
The above results obtained with the GFP ϩ revertants (Fig. 3 and Table III ) revealed a high proportion of A:T mutations both in the endogenous V H and in the GFP genes. These GFP ϩ revertants, however, represented only ϳ0.2% of the total cells (Fig. 3B) or ϳ1% of the virus-transduced cells, taking into consideration the efficiency of virus transduction (ϳ17%, supplemental figure 2C ). To ensure that these GFP ϩ revertants did not represent a biased population of the virus-transduced Ramos cells, we next transduced Ramos/TAG with retrovirus expressing AID-IRES-GFP (Fig. 4A) and simply sorted the GFP ϩ , i.e., virus-transduced cells 2 days later (Fig. 4B ). These GFP ϩ cells (which expressed wildtype GFP protein derived from the retrovirus) were cultured for an additional 8 days (a total of 10 days of culture) and analyzed for mutations in the endogenous V H and the GFP reporter genes. The results confirmed a high proportion of A:T mutations with a similar bias to the RGYW/WRCY motifs both in the V H and the GFP genes ( Fig. 4C and supplemental figures 5 and 6 ). Once again, the total mutation frequency in the GFP gene was one-fifth that of the V H gene (Table IV) .
Discussion
A major unsolved issue in SHM is how AID-triggered U:G lesions lead to a high proportion of mutations at undamaged A:T pairs in Ig genes of GC B cells. It has been proposed that the AID-triggered U:G lesion is initially recognized by the MMR components and that mutations are ultimately introduced during a gap-filling reaction catalyzed by POLH (1). We found in the present study that fibroblasts and GC B cells expressed equivalent levels of the MMR components, but the fibroblasts failed to generate A:T mutations in a GFP reporter gene even after ectopic POLH expression. In contrast, GC-like Ramos cells were able to generate a high proportion of A:T mutations in a similar Tet-controlled GFP reporter gene. Notably, mutations were induced by a similar retrovirus-driven AID expression strategy in both the fibroblast and the Ramos cell systems. Although our results indicate that Ramos but not NIH3T3 cells are able to generate A:T mutations, one might argue that the differences could be due to the different integration sites of the GFP gene in these cells. However, Yoshikawa et al. had analyzed three independent clones of NIH3T3 and all of them showed low levels of A:T mutations (17) . In the case of Ramos, we had obtained another stable line, Ramos/TAG/Amaxa, by an independent transfection (supplemental figure 1) . Although not extensively analyzed, this line also showed a high proportion of A:T mutations (supplemental figure 7) . Therefore, the difference in the ability to generate A:T mutations between Ramos and NIH3T3 is unlikely due to the integration sites, although additional clones and cell types need to be analyzed to completely rule out this possibility. Because NIH3T3 is a mouse cell line whereas Ramos is derived from a human Burkitt's lymphoma, it is also conceivable that species differences might affect the proportion of A:T mutations.
We consider it a more likely possibility that the ability to generate A:T mutations is determined by the GC B environment rather than by the target gene or the integration site. This conclusion is in agreement with our recent findings obtained in a lacZ-transgenic system where a high proportion of A:T mutations was observed in the lacZ genes in GC B cells but not in other B cells or nonlymphoid cells (25) . Our results also conform with a very recent study showing that tonsil and Ramos cell lysates generated significantly more A:T mutations than did HeLa cell lysates in a cell-free MMR system (26) . What, then, makes GC B cells different from other cell types? GC B cells may express additional factors that are required for efficient induction of A:T mutations. For instance, GC B cells might express a factor or factors that facilitate the use of POLH instead of other polymerases to catalyze the gap-filling reaction during the processing of AID-triggered U:G lesions. Alternatively, the components of MMR, POLH, or AID itself might undergo specific modifications in GC B cells and allow for the induction of A:T mutations. In fact, it has been shown that B cells may use a mechanism to limit the activity of AID (27, 28) . Additionally, GC B cells are known to undergo a very rapid rate of cell division, and the presence of many AID-induced U:G lesions may disturb the function of normal repair pathways and cause aberrant usage of polymerases during DNA replication and repair, leading to mutations at nondamaged A:T base pairs. Indeed, Ramos B cells have a shorter cell cycle time compared with NIH3T3 cells, which might be the reason for the increased A:T mutations in Ramos. Additional experimental approaches are required to explore these nonexclusive potential mechanisms. Both Ramos and NIH3T3 exhibited a fairly high frequency of transversion mutations at C:G regardless of exogenous POLH expression. These transversion mutations are thought to be introduced by error-prone polymerases that are able to replicate over the abasic site generated during base excision repair of the AIDtriggered U:G lesion. Therefore, other low fidelity polymerases, but not POLH, are likely involved in the generation of transversion mutations at C:G in both Ramos and NIH3T3 cells. This interpretation is consistent with our recent finding that POLH is not involved in C:G mutations (29) . In addition, the results suggest that even in nonlymphoid cells excessive DNA lesions induced by AID overexpression may exhaust the normal repair capacity of the cell, leading to aberrant replication of the repair intermediates. Although transversion mutations at C:G were induced in both Ramos and NIH3T3, a high proportion of A:T mutations was observed only in Ramos. These observations suggest that dysregulated DNA repair due to excess DNA lesions is not sufficient for the induction of A:T mutations and that additional GC B-specific mechanisms are required.
It is intriguing that ectopic expression of POLH in Ramos did not further increase the proportion of A:T mutations but diminished the strand bias of these mutations normally observed in the V H gene. POLH expression has been shown to be elevated during the S phase of the cell cycle, coinciding with the kinetics of thymidine uptake (30) . The expression of the retrovirus-derived POLH is under the control of the virus long-terminal repeat and is thus regulated differently than the endogenous POLH. The dysregulated expression of the exogenous POLH might lead to its aberrant usage and the induction of A:T mutations on the normally less mutated strand. We have recently generated a catalytically inactive POLH, and it will be interesting to investigate how the mutant enzyme might affect the proportion and strand bias of A:T mutations.
The total mutation frequency in the GFP reporter gene was consistently one-fifth that of the endogenous V H gene. This was true in Ramos cells transduced with either AID alone or AID-IRES-POLH and then analyzed for mutations in the sorted GFP ϩ revertants, and in Ramos cells transduced with AID-IRES-GFP and then analyzed for mutations in the total virus-transduced cells. Previous studies have suggested that beyond a certain threshold of expression, there is a correlation between a decrease in gene expression and an increase in SHM (31) . We found that the transcript levels of the V H gene were ϳ3-fold greater than that of the GFP gene (supplemental figure 8) . Therefore, at least in Ramos, we did not observe any inverse correlation between mRNA levels and SHM frequency. The results of the present study suggest that the relative efficiency of AID targeting to the V H and GFP genes remains constant in the Ramos/TAG cells. These results do not support the idea that AID is first targeted to Ig gene locus and that other genes are targeted only when there is excess AID. Rather, the relative targeting efficiency of AID to different genes may be determined by their epigenetic status, for example, chromatin structure, rate of transcription, and possibly other yet-to-be identified features. A variety of genes undergo AID-dependent somatic mutation at various frequencies in GC B cells (32) . Our results suggest that these genes are not randomly targeted by AID. Rather, each of them may be targeted at a given frequency that correlates with its status. In fact, Bcl-6 has been shown in several independent studies to be the most frequently mutated gene, with a mutation frequency as high as one-tenth of that in Ig genes (32) (33) (34) . The mutation frequency in the GFP reporter gene observed in our studies of Ramos/TAG is one-fifth of that in the endogenous V H gene, and therefore as high as the most frequently mutated GC gene in vivo. It is unclear at this point what determines the susceptibility of a gene to AID targeting. The high mutation frequencies observed in the Tet-controlled GFP reporter genes both in NIH3T3 and Ramos suggest that Tet-induced transcription may predispose a gene to AID targeting.
In our AID-mediated in vitro mutagenesis system in Ramos, the mutation frequency in the V H gene reached Ͼ0.5% in just 10 days, comparable to that observed in GC B cells after immunization with T-dependent Ags. In addition, mutations were biased to the RGYW/WRCY motif with a relatively high proportion of A:T mutations. Ramos cells have been shown to undergo constitutive Ig gene SHM at a low frequency (20, 24, 35, 36) . Analysis of subclones of Ramos revealed that the mutation frequency correlated with the level of the endogenous AID (24) . Ectopic expression of AID in Ramos by using plasmid-based expression vectors only slightly increased the mutation frequency (37, 38) . This is likely due to a low level of AID expression with these vectors and/or inactivation of the exogenous AID during the establishment of the stable transfectants, similar to what has been observed in the AIDtransgenic mice that constitutively express AID in B cells (27, 28) . In these earlier studies, Ramos cells were cultured for a prolonged period (1-2 mo) and usually only a limited number of mutations were analyzed, with most of them occurring at C:G. It is possible that a sufficiently high mutation frequency might be required for the induction of a high proportion of A:T mutations. The results of the present study demonstrate that the retrovirus-mediated AID expression in Ramos is an efficient mutagenesis system and recapitulates two fundamental features of the hypermutation process of Ig genes: a high mutation frequency in a short time period and a high proportion of A:T mutations.
A:T mutations are reduced by Ͼ80% in POLH-deficient mice (13) (14) (15) (16) 18) . We recently found that these mice produced decreased serum titers of high-affinity Abs against a T-dependent Ag and that this was associated with a reduced frequency and altered patterns of amino acid substitutions in the complementary determining region of the Ig V H genes in the responding B cells (29) . Therefore, mutations at A:T are important for efficient diversification of Ig genes and affinity maturation of Abs. Intriguingly, previous studies suggested that mutations at A:T were increased in tissues of aged mice (39) . More recently, analyses of the mutation patterns in 210 diverse human cancers revealed that A:T mutations were increased in certain malignancies (40) . These observations suggest that the induction of A:T mutations in non-GC B cells may reflect dysregulated DNA repair associated with the processes of aging and tumorigenesis.
